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I w A Review of the Mass-Flux Probe 

Lloyd N. Krause and George E. Glawe 

NASA Lewis Research Center, Cleveland, Ohio 44135 

The mass-flux probe is used to measure the mass flow rate 

per unit cross-sectional area of supersonic streams. The 

probe consists of an aspirating tube with a supersonic inlet 

which "swallows" the shock and ingests the stream flow tube. 

The mass flow rate per unit area of the stream is determined 

by measuring the flow rate of ingested gas through the probe 

at a convenient downstream station, and then dividing by the 

probe's inlet area. The instrument has been applied to studies 

of supersonic boundary layers, and of high-enthalpy, high- 

temperature gas flows, such as may occur in hypersonic flight. 

This review presents a description of the instrument, a histor- 

ical review of work reported in the literature, and a discus- 

sion of the factors influencing performance. These factors in- 

clude probe inlet geometry, angle of attack, and Reynolds and 

Mach number effects. 
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INTRODUCTION 

Experimental work in fluid mechanics usually involves measurements 

of total pressure, static pressure, total or static temperature (or en- 

thalpy), and flow direction. Many techniques and devices are available 

to make these measurements in low-temperature, low-velocity streams. 

However, for more severe environments such as high-temperature, super- 

sonic flows, investigators are continuously searching for new methods 

of measuring stream parameters which would help to more thoroughly de- 

scribe the flow field. 

One such device, in which there has been a renewed interest, is 

the use of a probe to measure the mass flow rate per unit area pV of 

supersonic streams, where p is density and V is linear velocity. 

This probe finds particular application in streams when it is difficult 

to measure temperature or static pressure independently, because for 

these cases, a measurement of one of these quantities, along with a 

measurement of mass flux and total pressure, allows determination of 

the other quantity. Figure 1 is a schematic drawing of a mass-flux 

probe system. 

sonic inlet pointed into the gas stream. Sufficient pressure drop 

must be provided across the inlet to "swallow" the shock and ingest the 

stream flow tube; that is, the linear velocity into the mouth will be 

the same as the linear velocity of the free stream. The mass flow rate 

through the probe is then determined at a mass-flow-rate measuring sta- 

tion, S. The mass flow rate per unit area pV can then be determined 

with knowledge of the cross-sectional area of the stream tube entering 

The probe consists essentially of a tube with a super- 
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the probe inlet. The probe may also serve as a pitot tube when the 

system valve is closed, and total pressure is measured in a conven- 

tional manner. 

Such a mass-flux probe has been applied to stream-profile surveys 

of arc jets 1y2~3y4y5s6’7 and to mass-flow-ratio determination in inlet 

tests;8 it is also applicable to combustion studies in advanced turbo- 

jet and ramjet engines. Some advantages of such a device are 

(1) The real-gas effects are small. 

(2) It is useful for mass-weighting a temperature profile to ob- 

tain enthalpy distribution. 

(3) Separate quantities p and V can be obtained when it is 

used in conjunction with, or alternately as, a total-pressure probe. 

A review of the early work involving mass-flux probes shows that 

most of the units were developed for a particular application, and at- 

tempts were made to evaluate them in the flow systems associated with 

this application. As a result, the accuracy of the probes and their 

usefulness as a reliable diagnostic tool was obscured by uncertainties 

in the flow conditions to which they were exposed. More recent work 

has involved studies of potential inaccuracies and also has indicated 

limits in applicability. This has led to more definitive experiments 

using well-defined flow fields and calibration standards to evaluate 

both components and overall systems. 
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FACTORS AFFECTING PROBE PERFORMANCE AND OPERATION 

Flow Capture 

I n l e t  Contract ion Rat io  

I n  t h e  c o r r e c t  ope ra t ion  of t h e  probe wi th  adequate  a s p i r a t i o n ,  

t h e  shock wave, t h a t  would o therwise  exist i n  f r o n t  of t h e  probe wi th  

inadequate  o r  no a s p i r a t i o n ,  i s  swallowed; consequent ly ,  t h e  f low i n t o  

t h e  i n l e t  i s  supersonic .  For an i d e a l  i n l e t ,  t he  probe i s  then  captur-  

ing  a stream tube  of area, Ae9 which i s  equal  t o  A (Fig.  1 ) .  I n  

t h i s  mode of ope ra t ion ,  a normal shock wave w i l l  exist i n  t h e  d i f f u s e r  

downstream of t h e  i n l e t .  The lowest  va lue  

number a t  which swallowing w i l l  occur  depends on t h e  va lue  of contrac-  

t i o n  r a t i o ,  which is  t h e  r a t i o  of minimum area 

t o  t h e  geometric i n l e t  area, A + Figure  2 shows t h e  v a r i a t i o n  i n  mini- 

mum Mach number wi th  con t r ac t ion  r a t i o ,  f o r  i s e n t r o p i c  flow. One 

study’ treats t h e  nonidea l  i n t e r n a l  f low i n  t h e  probe and shows t h a t  

M i n c r e a s e s  wi th  i n t e r n a l  f r i c t i o n .  For a h igh  temperature  gas ,  min 

would a l s o  i n c r e a s e  i f  Ath/Ag were reduced by d i f f e r e n t i a l  Mmin 

thermal expansion between t h e  i n l e t  l i p  and t h r o a t .  On t h e  o t h e r  hand, 

M would be decreased by t h e  cool ing  of t h e  inges ted  gas which would 

inc rease  i t s  d e n s i t y  i n  t h e  t h r o a t .  

g 

of t h e  stream Mach Mmin 

Ath i n s i d e  t h e  i n l e t  

g 

min 

Once flow i s  e s t a b l i s h e d  i n  t h e  probe, t h e  stream Mach number can 

be  decreased beyond t h e  minimum Mach number f o r  swallowing t h e  super- 

son ic  f low,  as shown by t h e  shock expuls ion  curve of Fig.  2.  This  

curve i s  based on t h e  e x i s t e n c e  of s o n i c  v e l o c i t y  a t  t h e  minimum-area 

s e c t i o n  i n s i d e  t h e  probe,  which i s  t h e  condi t ion  f o r  shock expuls ion.  
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This  "hys t e re s i s "  

number g r a d i e n t s ,  

e f f e c t  is  an  advantage i n  surveying streams wi th  Mach 

i n  t h a t  t h e  probe can be used a t  lower Mach numbers 

than  t h a t  requi red  f o r  s t a r t i n g  t h e  supersonic  flow. 

Aspi ra t ion  Requirements 

Back p res su re .  The change i n  to t a l -p re s su re  level wi th in  t h e  probe 

wi th  v a r i a t i o n  i n  a s p i r a t i o n  i s  i l l u s t r a t e d  i n  F ig .  3 .  A schematic draw- 

i n g  of t h e  probe system i s  shown i n  the  upper p o r t i o n  of t h e  f i g u r e ,  wi th  

a bow wave s tanding  i n  f r o n t  of t h e  i n l e t  (nonswallowed cond i t ion ) .  The 

upstream of t h e  
'tn 

lower p o r t i o n  shows t h e  v a r i a t i o n  i n  t o t a l  p re s su re  

measuring s t a t i o n  as t h e  a s p i r a t i o n  is  v a r i e d  through t h e  probe. With 

t h e  shut-off valve c losed ,  ptn equals  t h e  p re s su re  pt2 behind t h e  

normal shock i n  f r o n t  of t h e  i n l e t .  A s  t h e  valve opens 

less than  p by t h e  amount Aptf of t h e  i n t e r n a l  f r i c t i o n  i n  the  flow 

passage between t h e  i n l e t  and t h e  flow measuring s t a t i o n .  A s  t h e  va lve  

be  comes 
9 Ptn  

t 2  

w i l l  drop suddenly as t h e  shock wave i s  swallowed, P tn  i s  f u r t h e r  opened 

Therefore ,  i n  o rde r  t o  swallow t h e  shock, t h e  maximum pe rmis s ib l e  va lue  

i s  (pt2 - Aptf). Ca lcu la t ions  of Aptf f o r  high-temperature of P tn  

a p p l i c a t i o n s  should inc lude  t h e  e f f e c t s  of h e a t  t r a n s f e r  and of any h e a t  

exchangers wi th in  t h e  flow passage. 

I f  t h e  flow measuring s t a t i o n  uses  a s o n i c  nozz le ,  p w i l l  drop t n  

t o  some va lue  and remain f i x e d  r ega rd le s s  of how low t h e  p re s su re  down- 

stream of t h e  nozz le  t h r o a t  becomes as t h e  valve cont inues  t o  open. 

Heat exchanger. I n  high-temperature f lows,  t h e  captured gas  must 

be  cooled t o  f a c i l i t a t e  t h e  flow rate measurement a t  t h e  measuring sta- 

t i o n ,  Since t h e  main p o r t i o n  of t h e  probe s h e l l  i s  normally cooled w i t h  
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water flowing through concent r ic  t ubes ,  t h e  s imples t  method is  t o  pro- 

v ide  s u f f i c i e n t  probe l eng th  t o  i n s u r e  adequate  condi t ions  a t  t h e  meas- 

ur ing  s t a t i o n .  Examples of t h i s  method are given i n  two s t u d i e s .  2 9 7  

For cases  imposing tubing-length r e s t r i c t i o n s ,  a hea t  exchanger can b e  

placed w i t h i n  t h e  a s p i r a t i o n  tube, '  o r  a t  t h e  end of t h e  tube  immediately 

upstream of the  measuring s t a t i o n .  6 

8,10,11,12 Probes designed f o r  shor t -dura t ion ,  high-temperature f lows 

(- 10 ms) r e q u i r e  a s torage-type h e a t  exchanger such as shown schematic- 

a l l y  i n  Fig.  4. The exchanger c o n s i s t s  of a porous matrix of a material 

which is  i n i t i a l l y  a t  ambient temperature  and causes  a cont inued reduc- 

t i o n  i n  t h e  temperature  of t h e  gas as it  passes  through. This  type  of 

mass-flux probe has t h e  i n l e t ,  h e a t  exchanger,  and measuring s t a t i o n  i n  

a compact arrangement w i t h i n  t h e  probe head. 

Subsonic Capab i l i t y  

The mass-flux probe i n  i t s  s imples t  form r e q u i r e s  a supersonic  

stream; i t  is  advantageous f o r  t h e  Mach number t o  be  high.  The probe 

has  n o t  been appl ied  t o  a subsonic  stream t o  d a t e .  To do s o ,  a method 

would be  r equ i r ed  t o  sense  when t h e  probe i s  captur ing  t h e  stream tube  

as t h e  a s p i r a t i o n  through t h e  probe i s  ad jus ted .  Poss ib ly ,  t h e  pres-  

s u r e  a t  a n  i n t e r n a l  p re s su re  t a p  near  t h e  i n l e t  l i p  could be  compared 

wi th  stream s t a t i c  p res su re ,  and t h e  a s p i r a t i o n  ad jus ted  accordingly.  

Such i n c r e a s e  i n  complexity of probe design and u s e  l i m i t s  t h e  probe ' s  

u se fu lness  i n  subsonic  flow. 
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D e f i n i t i o n  of Capture Area 

Capture Area 

Refer r ing  t o  Fig.  1, t h e  stream mass f l u x  pV may be  obta ined  by 

simply d iv id ing  t h e  measured m a s s  f low-rate  of t h e  probe 

a t  t h e  measuring s t a t i o n ,  by a s u i t a b l e  cap tu re  area. For t h e  i d e a l  case, 

us ing  a s l e n d e r ,  sharp- l ipped i n l e t ,  t h i s  area would be  t h e  geometric 

Ih as obta ined  

cap tu re  area A For a rounded l i p  A i s  taken as t h e  area of t h e  c i r -  
g g 

c le  through t h e  l ead ing  edge ( s t agna t ion  l i n e )  of t he  l i p .  Because of t h e  

unce r t a in ty  i n  t h e  l o c a t i o n  of t h e  s t a g n a t i o n  l i n e  a t  t h e  l i p  of a prac- 

t i c a l  i n l e t  ( i . e .9  one whose l i p  th i ckness  i s  n o t  n e g l i g i b l y  s m a l l  com- 

pared t o  t h e  i n l e t  d iameter ) ,  an e f f e c t i v e  cap tu re  area A w i l l  y i e l d  

a more accu ra t e  va lue  of pV. A i s  obtained by c a l i b r a t i n g  t h e  mass 

f l u x  probe i n  a supersonic  stream of known pV. The r a t i o  Ae/A can 

be  used as a f igure-of  merit f o r  t h e  i n l e t .  A va lue  of Ae/A g r e a t e r  

than  u n i t y  would i n d i c a t e  "super" cap tu r ing ,  and a va lue  less than  u n i t y  

would i n d i c a t e  s p i l l a g e  a t  t h e  en t rance .  

e 

e 

g 

g 

Shape, S i ze ,  and Bluntness  

Both c i r c u l a r  and r ec t angu la r  openings have been used i n  mass-flux- 

probe i n l e t s .  The round opening has  t h e  advantage t h a t  i t  i s  s imple t o  

b u i l d .  The r ec t angu la r  opening, a l though more d i f f i c u l t  t o  c o n s t r u c t ,  

g ives  a g r e a t e r  m a s s  f low rate through t h e  measuring s t a t i o n  f o r  a given 

he igh t  of t h e  opening. 

l a y e r  surveys13 wi th  t h e  minor dimension as s m a l l  as 0.2 mm. Probes 

wi th  round openings have v a r i e d  i n  i n l e t  diameter  from 0.8 Co 25 mm. 

Rectangular openings have been used i n  boundary 
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There are several reasons  f o r  making t h e  opening of t h e  probe l a r g e .  

F i r s t ,  i f  t he  f r o n t a l  area a s s o c i a t e d  wi th  t h e  l i p  th ickness  i s  s m a l l  

compared t o  the  t o t a l  area of t h e  i n l e t  opening, t h e  u n c e r t a i n t y  i n  cap- 

t u r e  area i s  reduced. Also,  phys i ca l  measurement of t h e  dimensions of 

t h e  opening becomes more accu ra t e  as t h e  s i z e  inc reases .  F i n a l l y ,  t h e  

accuracy i n  measuring t h e  t o t a l  f low rate a t  t h e  measuring s t a t i o n  nor- 

mal ly  g e t s  b e t t e r  as t h e  flow inc reases .  On t h e  o the r  hand, t h e  open- 

ing  must be  kept  s m a l l  enough t o  r e s o l v e  t h e  l o c a l  d i s t r i b u t i o n  of pV.  

Since the  l i p  of t h e  i n l e t  cannot be  made p e r f e c t l y  sharp ,  t h e  

shock wave w i l l  be  detached from t h e  f r o n t  of t h e  l i p  by a small d i s -  

t ance  and the  swallowed por t ion  w i l l  become obl ique  around t h e  l i p .  

The detachment d i s t a n c e  depends on t h e  l i p  r a d i u s .  

e x i s t  behind t h e  detached shock wave, along wi th  a reg ion  of v i scous  

flow. 

and of v i scous  f low on t h e  l o c a t i o n  of t h e  s t a g n a t i o n  s t r eaml ine ,  and 

concludes t h a t  a double-bevel i n l e t  such as t h a t  shown i n  Fig.  5(a) pro- 

duces t h e  least  u n c e r t a i n t y  i n  s tagnat ion-s t reaml ine  loca t ion ,  because 

of t h e  symmetrical flow p a t t e r n  around such an i n l e t .  One series of 

tests8 on t y p i c a l  i n l e t  shapes such as those  shown i n  F ig .  5 showed 

t h a t  double-bevel i n l e t s  gave capture-area r a t i o s  c l o s e r  t o  u n i t y  than 

t h e  o t h e r  des igns .  

Subsonic f low w i l l  

A r e c e n t  paper14 d i scusses  t h e  e f f e c t s  of t h e  detached shock 

I n  f lows producing high s t agna t ion - l ine  h e a t  t r a n s f e r  rates, b lunt -  

i n g  of t h e  l i p  may be  r equ i r ed  t o  prevent  leading-edge temperatures  from 

becoming excessive.  

a 7 mm diameter  i n l e t  of t h e  type  shown i n  Fig.  5 (b ) .  A s  t h e  l i p  r a d i u s  

Studies” have been made on t h e  e f f e c t  of b lun t ing  
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w a s  success ive ly  inc reased  from 0.02 mm (sharp)  t o  0.28 mm, t h e  cap tu re  

area r a t i o ,  Ae/AgI s tayed  wi th in  t h e  range of 1 .01  t o  1.04. 

The h e a t  t r a n s f e r  a t  t h e  i n l e t  l i p  f o r  supersonic  flow can be  esti- 

mated from t h e  fol lowing approximation of an equation16 f o r  s t a g n a t i o n  

p o i n t  h e a t  t r a n s f e r  

2 where qo i s  t h e  h e a t  i npu t  a t  t h e  s t a g n a t i o n  l i n e  i n  watts/cm , P, is 

t h e  gas d e n s i t y  i n  3 
gm/cm , Vm i s  free-s t ream gas  v e l o c i t y  i n  km/sec, 

and Ro i s  l i p  r ad ius  i n  cm. ( In  t h i s  approximation, t o t a l  en tha lpy  of 

t h e  gas stream i s  considered l a r g e  compared t o  t h e  enthalpy of t h e  gas 

a t  t h e  temperature  of t h e  l i p . )  This  equat ion  can be used t o  estimate 

t h e  amount of b lun t ing  r equ i r ed  i n  a p a r t i c u l a r  h igh  temperature  app l i -  

c a t i o n .  A c a l c u l a t i o n  of t h i s  type  has  been made” f o r  a hypersonic- 

engine f l i g h t  a p p l i c a t i o n .  

E f f e c t s  of Low Reynolds Number 

For a sharp- l ipped i n l e t ,  wi th  shock a t t ached  t o  t h e  lead ing  edge, 

t h e  e f f e c t i v e  cap tu re  area would be  equal  t o  t h e  geometr ic  cap tu re  area. 

However, f o r  small i n l e t s  ope ra t ing  a t  low Re (Reynolds number), t h e  

shock no longer  i s  a t t ached  t o  t h e  probe l i p  and t h e  l a y e r  of gas  be- 

tween shock and l i p  could d i v e r t  t h e  stream flow, particularly f o r  a n  

i n l e t  l i p  t h a t  does no t  have equal  i n t e r n a l -  and external-bevel  angles .  

Severa l  tests *’ l3 ’I7 have been performed on mass-f l u x  probes wi th  

flows a t  low Reynolds numbers. One r e su l t ’  showed t h a t  t h e  e f f e c t i v e  

cap tu re  area w a s  w i t h i n  k 5  percent  of t h e  geometric capture  area f o r  

Re/m > 4x10 . 6 
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I n  two o t h e r  independent  investigation^'^ '17 probes were operated 

over a range of Reynolds numbers; r e s u l t s  showed t h a t  t h e  r a t i o  

w a s  cons t an t  w i t h i n  2 percent  f o r  

va lues  of Re/m.  

Ae/Ag 

and decreased a t  lower 6 Re/m > 5x10 

Low Reynolds number may arise from low gas d e n s i t y  r a t h e r  than  

S tud ie s  i n  r a r e f i e d  gases  may involve  such a s i t -  from high  v i s c o s i t y .  

ua t ion .  Since w e  are dea l ing  wi th  flow about t h e  i n l e t  l i p ,  i t  may be  

more a p p r o p r i a t e  t o  u s e  l i p  th ickness  r a t h e r  than  i n l e t  passage dimen- 

s i o n s  f o r  t h e  dimensional u n i t  used t o  d e f i n e  probe Reynolds number. 

Many of t h e  s m a l l  probes repor ted  i n  t h e  l i t e r a t u r e  have l i p  th icknesses  

of about 0.025 mm. Using t h i s  as a nominal va lue ,  then  f o r  a stream of 

4x10 Re/m, t h e  probe Reynolds number w i l l  be  about 100. The previous ly  

c i t e d  test 

t h e  geometric capture .  area, w a s  performed i n  t h e  s l i p  flow reg ion ,  and 

6 

8 where t h e  e f f e c t i v e  cap tu re  area w a s  w i t h i n  - +5 percent  of 

o t h e r  applications' '  were made i n  f r e e  molecule 

r e s u l t s .  

Angle of Attack E f f e c t s  

f low wi th  s a t i s f a c t o r y  

A r e c e n t  study" i n v e s t i g a t e d  t h e  angle-of-at tack e f f e c t s  of t h e  

i n l e t  of Fig.  5 ( a )  us ing  a double beve l  w i th  a 15' h a l f  angle .  The re- 

s u l t s  are reproduced i n  Fig.  6 .  The o r d i n a t e  of Fig.  6 i s  t h e  r a t i o  of 

mass-flux-probe i n d i c a t i o n  a t  nonzero angle  of a t t a c k  t o  t h e  i n d i c a t i o n  

a t  zero angle .  The experimental  d a t a  are compared t o  t h e  expected 

cos ine  v a r i a t i o n  based on t h e  change i n  p ro jec t ed  geometric cap tu re  area, 

which becomes e l l i p t i c a l ,  wi th  change i n  ang le  of a t t a c k  a. When t h e  
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cos ine  c o r r e c t i o n  i s  f i r s t  made f o r  t h e  p ro jec t ed  geometric cap tu re  

area, t h e  probe r e q u i r e s  no f u r t h e r  empir ica l  c o r r e c t i o n  a t  f low angles  

up t o  approximately 20'. 

been expel led  even a t  c1 > 20 because,  i f  expuls ion d i d  occur ,  a s t e p  

would be  expected i n  t h e  graph. 

It is  doub t fu l  t h a t  t h e  swallowed shock has  

0 

One of t h e  reasons  f o r  t h e  favorable  angle  c h a r a c t e r i s t i c s  of t h e  

probe may be t h e  f a c t  t h a t  t h e  p ro jec t ed  cap tu re  area decreases  as t h e  

flow angle  inc reases .  This decrease  i n  p ro jec t ed  capture  area in-  

creases t h e  e f f e c t i v e  con t r ac t ion  r a t i o ,  which is  a favorable  condi t ion  

f o r  t h e  shock t o  remain swallowed. 

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t he  mass-flux r a t i o  begins  t o  de- 

crease a t  an ang le  which i s  s l i g h t l y  l a r g e r  than  t h e  15' i n t e rna l -beve l  

angle .  I f  t h i s  f low-direction-angle c h a r a c t e r i s t i c  i s  r e l a t e d  t o  t h e  

in t e rna l -beve l  angle ,  then ,  f o r  a p p l i c a t i o n s  where flow i s  i n c i d e n t  a t  

a nonzero angle ,  a probe design u t i l i z i n g  an  i n t e r n a l  beve l ,  r a t h e r  

than  a s t r a i g h t  i n l e t ,  would be advantageous. However, when t h i s  in -  

t e r n a l  beve l  i s  considered,  a compromise must be  made between flow- 

angle  i n s e n s i t i v i t y  and t h e  lower Mach number l i m i t  which i s  a func t ion  

of t h e  probe con t r ac t ion  r a t i o .  

It w a s  a l s o  noted'' t h a t ,  wh i l e  ob ta in ing  t h e  angle-of-attack d a t a ,  

t h e  flow through t h e  probe w a s  stopped and s t a r t e d  without  d i f f i c u l t y  

whi le  t h e  probe w a s  a t  nonzero ang le  of a t t a c k ,  t hus  showing restart  

c a p a b i l i t y  under nonzero angle-of-attack cond i t ions .  

I t ' s  concievable  t h a t  t h e  angle-of-attack c h a r a c t e r i s t i c s  of t h e  

probe can be  used t o  start t h e  i n l e t  a t  a lower Mach number than  t h e  
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minimum Mach number f o r  zero angle .  I f  t h i s  i s  t r u e ,  t h e  u s e f u l  Mach 

number range of t h e  probe can be  increased  by designing t h e  probe wi th  

a marginal  c o n t r a c t i o n  r a t i o ,  and then  a s su r ing  t h e  start  of i n t e r n a l  

supersonic  flow by yawing t h e  probe. 

I n t e r n a l  Mass Flow Rate Measurement 

The flow captured by t h e  probe i n l e t  i s  metered downstream a t  a 

convenient measuring s t a t i o n .  

c a t i o n s  have ranged These flow rates 

w e r e  s m a l l  because t h e  area of i n t e r e s t  w a s  h igh -a l t i t ude  supersonic  

f l i g h t ,  where gas d e n s i t y  w a s  low. The measurement of such s m a l l  mass 

The metered flows of r epor t ed  3919 app l i -  

from l ~ l O - ~  t o  1 ~ 1 0 - ~  kg/sec.  

f low rates c o n s t i t u t e s  one of t he  major sources  of e r r o r  of t h e  probe. 

The accuracy of pV measurement is  d i r e c t l y  p ropor t iona l  t o  t h e  accu- 

r acy  of flow rate measurement a t  t h e  measuring s t a t i o n .  

Several methods have been used t o  meter t h e  flow rate. These 

are 

15 Sharp-edged o r i f i c e  

6 Ventur i  

4,8,10,11,12,13,19 Sonic-flow nozz le  

3,20 Drag-body meter 

13,17 P res su re  r ise i n  known volume 

Only t h e  last method i s  an abso lu te  one; t h e  o t h e r  devices ,  f o r  t h e s e  

small flow rates, are usua l ly  c a l i b r a t e d  by a technique such as t h e  pres-  

s u r e  rise method. Each of t h e s e  m a s s  f low rate measuring methods has  

shortcomings i n  t h e  range of i n t e r e s t .  The p res su re - r i s e  technique is  

cumbersome and t i m e  consuming. It is  no t  a p p l i c a b l e  when many flow rate 
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measurements are r equ i r ed  such as i n  surveying a mass-flux g rad ien t .  The 

o r i f i c e ,  v e n t u r i ,  and sonic-flow nozz le  may be opera t ing  a t  Reynolds num- 

b e r  va lues  i n  t h e  hundreds,  and, consequent ly ,  t h e  d ischarge  c o e f f i c i e n t  

w i l l  be  changing apprec iab ly  wi th  f low rate.  

developed by t h e  o r i f i c e  o r  v e n t u r i  may be very  low (on t h e  o rde r  of 100 

N/m ) .  

t h e  a s p i r a t i o n  requirements .  

measuring t h e  low flow rates encountered when us ing  the  mass f l u x  probe, 

a measurement wi th  an e r r o r  of less than  1 percent  would be considered a 

very  good measurement. 

The p res su re  d i f f e r e n c e  

2 The p res su re  l o s s  a s soc ia t ed  wi th  t h e  sonic-flow nozz le  increases 

Because of t h e  problems a s s o c i a t e d  wi th  

Of course ,  i n  any a p p l i c a t i o n  a t  h ighe r  d e n s i t i e s ,  s e v e r a l  of t h e  

prev ious ly  mentioned shortcomings would become less troublesome. 

Total-Pressure Measurement 

The primary func t ion  of a mass-flux probe i s ,  of course,  t o  de te r -  

mine t h e  q u a n t i t y  p V .  However, by s h u t t i n g  o f f  t h e  flow through t h e  

probe, i t  can be  used a l t e r n a t e l y  as a total-head tube  which, i n  a 

supersonic  stream, measures t h e  p re s su re  behind a normal shock wave 

s tanding  i n  f r o n t  of t h e  probe en t rance .  This  i nd ica t ed  t o t a l  p re s su re  

2 measurement i s  r e l a t e d  t o  pV a Thus, by ob ta in ing  a measurement of 

both pV and p V  t h e  s e p a r a t e  q u a n t i t i e s  p and V can be  obtained.  * 2  

2 The r e l a t i o n s h i p  between p / ( p V  ) and free-s t ream Mach number t , ind  

i s  shown i n  Fig.  7. The c a l c u l a t i o n s  inc lude  real-gas  e f f e c t s ;  i t  can 

be  seen  t h a t  i n  t h e  h igh  Mach number range t h e  va lue  of 

s e n t i a l l y  cons tan t  and i s  very i n s e n s i t i v e  t o  real-gas  e f f e c t s .  I n  

a p p l i c a t i o n  then ,  Mach number, p re s su re ,  temperature ,  and s p e c i f i c  h e a t  

pV2 i s  es- 



14 

2 r a t i o s  need no t  be known accura t e ly  t o  o b t a i n  a va lue  of pV l y ing  

w i t h i n  t h e  c o r r e l a t i o n  band, t o  an u n c e r t a i n t y  of 1 percent .  

A mass-flux probe" w a s  t e s t e d  i n  nonaligned flow whi le  ope ra t ing  

as a total-head tube  t o  determine i t s  s e n s i t i v i t y  t o  flow d i r e c t i o n .  

This  probe w a s  found t o  measure pt2 

of about 20 , and had an  e r r o r  of 1 percent  of i nd ica t ed  impact p re s su re  

a t  a flow angle  of 27'. The r e s u l t s  compared favorably  wi th  prev ious  

publ icat ions21 desc r ib ing  to t a l -p re s su re  tube  c h a r a c t e r i s t i c s .  

a c c u r a t e l y  up t o  an angle  of a t t a c k  
0 

I n  some a p p l i c a t i o n s ,  an  a d d i t i o n a l  bonus can be gained from t h e  

probe i n  t h a t  i t  can be  used t o  determine stream t Q t a l  en tha lpy .  

en tha lpy  i s  equal  t o  s t a t i c  en tha lpy  p l u s  

T o t a l  

V 2 / 2 .  For t h e  case of a high- 

Mach-number, high-enthalpy stream, t h e  s t a t i c  

t o  t o t a l  en tha lpy .  Therefore ,  t o t a l  en tha lpy  

a b l y  w e l l  from V2 wi thout  p r e c i s e  knowledge 

enthalpy.  

en tha lpy  is  s m a l l  compared 

can be  determined reason- 

of t h e  stream s t a t i c  

Response R a t e  

There are two types of a p p l i c a t i o n s  i n  which the t i m e  response of 

t h e  mass-flux probe must be  considered.  

i l i t y ,  such as a shock tunne l ,  i n  which t h e  response t i m e  of a f i x e d  

probe must be  very  s h o r t  (a few ms); and t h e  o t h e r  i s  t h e  surveying 

a p p l i c a t i o n  i n  which t h e  response i s  important  i n  determining maximum 

pe rmis s ib l e  probe t r a v e r s i n g  speed when surveying g rad ien t s .  

One is  t h e  shor t -dura t ion  fac-  

One shor t -dura t ion  study" t r e a t e d  t h e  problem a n a l y t i c a l l y  and 

a l s o  obta ined  experimental  d a t a  wi th  a probe such as t h a t  of Fig.  4 .  

Two ways of reducing t h e  response t i m e  are t o  make t h e  probe smaller 
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(decreas ing  i n t e r n a l  volume and flow nozz le  t h r o a t  area), and t o  i n c r e a s e  

t h e  i n l e t  area. I f  a thermocouple i s  incorpora ted  i n  t h e  measuring sta- 

t i o n ,  t o  be  used along wi th  t h e  p re s su re  gauge, ll y l2 t h e  thermocouple 

should have a t i m e  cons t an t  no g r e a t e r  than  t h e  pneumatic t i m e  cons tan t  

of t h e  probe. 

The f a c t o r s  i n f luenc ing  t h e  response of a system such as t h a t  of 

F ig ,  1 are t h e  same as above except  t h a t  t h e  i n t e r n a l  volume i s  usua l ly  

g r e a t e r ,  and, consequent ly ,  t h e  probe is  slower i n  responding. I n  one 

a p p l i c a t i o n  where surveys w e r e  made3 t h e  probe w a s  moved a t  a cons tan t  

t r a v e r s i n g  speed of 1 . 3  cm/sec i n  t h e  main co re  of t h e  flow, where t h e  

flow g r a d i e n t  w a s  s m a l l ;  bu t  t h e  probe w a s  advanced i n  d i s c r e t e  incre-  

ments and then he ld  s t a t i o n a r y  a t  each s t e p  i n  o rde r  t o  measure t h e  

s t e e p  g rad ien t  of t h e  boundary l a y e r .  

ACCURACY 

Two f a c t o r s  e n t e r  i n t o  t h e  es tab l i shment  of t h e  accuracy of t h e  

mass-flux probe. 

i n l e t  area, and t h e  o t h e r  i s  t h e  u n c e r t a i n t y  i n  t h e  m a s s  f low rate 

measurement a t  t h e  measuring s t a t i o n .  

can be handled simply by c a l i b r a t i n g  t h e  flow rate device a g a i n s t  a 

primary s tandard  such as t h e  method of p re s su re  rise i n  a known volume. 

P re fe rab ly ,  t h e  c a l i b r a t i o n  w i l l  cover  t h e  Reynolds number range of use.  

By such methods, t h e  flow rate a t  t h e  measuring s t a t i o n  can b e  estab-  

l i s h e d  t o  w i t h i n  a f r a c t i o n a l  p a r t  of one pe rcen t .  

The most a c c u r a t e  means of determining t h e  e f f e c t i v e  i n l e t  area i s  

t o  c a l i b r a t e  t h e  assembly i n  a supersonic  stream of known pV. This i s  

The main f a c t o r  i s  t h e  unce r t a in ty  i n  t h e  e f f e c t i v e  

The measuring s t a t i o n  accuracy 
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usua l ly  a wind tunne l  i n  which t h e  pV i s  determined from a measure- 

ment o f :  plenum pres su re ,  plenum temperature ,  and to ta l -pressure- tube  

i n d i c a t i o n ;  o r  to ta l -pressure- tube  i n d i c a t i o n ,  static-pressure-wedge 

i n d i c a t i o n ,  and total- temperature-probe i n d i c a t i o n .  Such a c a l i b r a t i o n  

can a l s o  usua l ly  be  made t o  w i t h i n  a f r a c t i o n a l  p a r t  of one percent .  

One i n v e ~ t i g a t i o n ~ ~  presented  va lues  of t y p i c a l  e r r o r s  a s soc ia t ed  wi th  

t h e  above parameters.  

Another, less accura t e  way of a r r i v i n g  a t  t h e  e f f e c t i v e  i n l e t  area 

has  been used i n  arc j e t  s t u d i e s .  In t h i s  ca se  t h e  probe i s  moved 

ac ross  t h e  test s e c t i o n  and t h e  mass-flux p r o f i l e  i s  i n t e g r a t e d  t o  ob- 

t a i n  t o t a l  flow rate. 

rate through t h e  arc obta ined  by meter ing t h e  incoming supply gases .  2,4,18 

Such a comparison i s  accura t e  t o  only  about 5 percent  because of uncer- 

t a i n t i e s  a s soc ia t ed  wi th  t h e  flow rate g r a d i e n t s  i n  t h e  boundary l a y e r  

of t h e  f a c i l i t y .  

This  measurement i s  compared wi th  t h e  t o t a l  f low 

I n  s i t u a t i o n s  where a c a l i b r a t i o n  of e f f e c t i v e  i n l e t  area i s  im- 

p r a c t i c a l ,  t h e  only recourse  i s  t o  r e l y  on a phys ica l  measurement of 

t h e  geometric area and t o  assume a cap tu re  area r a t i o  of un i ty .  

u n c e r t a i n t y  i n  diameter  measurement of only 0.02 mm would g ive  an un- 

c e r t a i n t y  i n  geometric area of 1 percen t  f o r  a sharp- l ipped i n l e t  of 

4 mm diameter .  I f  t h e  i n l e t  were 1 mm diameter ,  t h e  unce r t a in ty  would 

i n c r e a s e  t o  5 percent .  

An 

The e r r o r s  of t h e  mass-flux probes r epor t ed  i n  t h e  r e fe rences  

have ranged from 0 t o  30 pe rcen t ,  t h e  l a r g e r  e r r o r s  u sua l ly  be ing  
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a s soc ia t ed  wi th  t h e  more i n d i r e c t  methods of e s t a b l i s h i n g  t h e  d e n s i t y  

and v e l o c i t y  of t h e  test  gas .  

HISTORICAL REVIEW 

One of t h e  earliest  uses  of t h e  mass-flux probe w a s  i n  t h e  s t u d i e s  

of boundary l a y e r s  of supersonic  f lows ,  c a r r i e d  on by Coles13 i n  t h e  

e a r l y  1950's.  Measurements made w i t h  a s m a l l ,  sharp- l ipped- in le t  probe 

were used p r imar i ly  t o  c a l c u l a t e  a temperature  p r o f i l e  r a t h e r  than  t o  

assume a t h e o r e t i c a l  temperature p r o f i l e  i n  t h e  boundary l a y e r .  

prove t h e  f e a s a b i l i t y  of t h e  idea ,  i n i t i a l  tests were made wi th  a probe 

having a sharp- l ipped,  c i r c u l a r  c ross -sec t ion  i n l e t  (1.5 mm diam), 

Measurements w i th  t h e  probe i n  a uniform Mach 2.2 stream agreed with 

p red ic t ed  va lues  t o  w i t h i n  one pe rcen t .  

f o r  t h e  boundary l a y e r  measurements w e r e  much smaller i n  s ize  and wi th  

r ec t angu la r  i n l e t  shapes (0.2x1.3 mm). Some of t hese  probes used p i eces  

of household r azo r  b lades  t o  form double-bevel (14') sharp- l ipped,  i n l e t  

w a l l s .  The r e s u l t s  encouraged L i c c i n i , 1 7  i n  1955, t o  apply t h i s  experi-  

mental  method t o  a Mach 5 t o  6 .8  stream. The r e s u l t s  of h i s  work wi th  

r ec t angu la r  and c i r c u l a r  i n l e t  geometr ies  i n d i c a t e d  e r r o r s  up t o  9 per- 

To 

The probes f i n a l l y  developed 

cent  i n  t h e  capture-area r a t i o  over t h e  Reynolds number range surveyed. 

Both i n v e s t i g a t o r s  13'17 ind ica t ed  t h a t  t h e  r a t i o  of e f f e c t i v e  cap tu re  

area t o  geometric cap tu re  area decreased wi th  decreas ing  Reynolds number. 

Coles13 hypothesized t h a t  t h i s  e f f e c t  may have been caused by the pres- 

ence of v i scous  e f f e c t s  a t  t h e  lower Reynolds number o r  by f l u c t u a t i o n s  

i n  flow d i r e c t i o n  i n  t h e  tu rbu len t  boundary l a y e r .  
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22 H i l l ,  e t  a1 i n  1956 undertook a s tudy  of measurements f o r  high- 

speed wind tunnels  and considered t h e  combined use  of t h e  mass-flux 

probe along wi th  e i t h e r  a total-head tube o r  a plenum pres su re  meas- 

urement t o  determine free-s t ream Mach number. H e  concluded, however, 

t h a t  f o r  h i s  a p p l i c a t i o n  o t h e r  methods of measuring Mach number were 

more d e s i r a b l e .  

10 I n  1962, S t a l k e r  app l i ed  a mass-flux probe and total-head tube 

t o  deduce t h e  v e l o c i t y  of a Mach 4 t o  5.5 high-temperature (1800 t o  

3200 K) shock tunne l  f a c i l i t y .  Disagreements between t h i s  v e l o c i t y  

and t h e  c a l c u l a t e d  nozz le  v e l o c i t y  based on equi l ibr ium flow ranged up 

t o  15 percent .  For t h i s  shor t -dura t ion  flow a p p l i c a t i o n ,  S t a l k e r  had 

t o  develop a probe, and i t s  r e l a t e d  measuring system, wi th  a very  s h o r t  

response t i m e .  This  w a s  one of t h e  earliest r epor t ed  a p p l i c a t i o n s  of 

t h e  probe i n  a high-energy stream where t h e  hea t  loads  on t h e  sharp- 

l i pped  i n l e t  and on t h e  i n s i d e  w a l l s  had t o  be  considered.  I n  1964, 

11 12 Cheva l l i e r  and Brown b u i l t  fas t - response  mass f l u x  probes s i m i l a r  

t o  t h a t  of S t a l k e r .  Brown repor t ed  t h a t  by using t h e  mass-flux probe 

a l t e r n a t e l y  as a p i t o t  tube ,  h e  der ived  a v e l o c i t y  which agreed t o  

w i t h i n  10 percent  of t h e  v e l o c i t y  as ca l cu la t ed  from plenum condi t ions .  

Chr is tensen ,  e t  a l l y 2  used a s i n g l e  probe design t o  o b t a i n  both 

mass-flux and t o t a l  en tha lpy .  

determine t h e  h e a t  t r a n s f e r  rate i n  a high-enthalpy a r c  j e t .  A c a l i -  

b r a t i o n  of t h e  mass-flux probe made by comparing t h e  i n t e g r a t e d  mass- 

f l u x  survey wi th  t h e  inpu t  mass-flow of t h e  arc j e t  showed agreement 

wi th in  5 percent .  

These two measurements w e r e  combined t o  
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3 Parobek i n  h i s  r e p o r t  on a r c  j e t  ins t rumenta t ion  descr ibed  a 

sharp-lipped s ingle-beveled mass-f lux probe Young2' developed and 

pa ten ted  a drag-body f low measuring system f o r  t h e  probe and appl ica-  

t i o n  descr ibed  by Parobek. A mass-flow-rate system using a volume- 

p re s su re  r ise method w a s  used t o  c a l i b r a t e  t h e  drag-body flow measuring 

system. F i n a l  u t i l i z a t i o n  of t h i s  mass-flux probe and flow measuring 

system y ie lded  an i n t e g r a t e d  m a s s  f l u x  wi th  average agreement w i t h i n  

7 percent  of t h e  measurements ob ta ined  by t h e  f a c i l i t y  mass-flow 

measurement. 

Huber14 i n  1956 presented  a s tudy  of des ign  cons ide ra t ions  f o r  

mass-flux probes and o t h e r  s enso r s  f o r  high-temperature a p p l i c a t i o n s .  

Considerat ions of i n l e t  geometr ies ,  cool ing passage conf igu ra t ions ,  

cool ing  r equ i r epen t s ,  e t c . ,  are included i n  h i s  paper .  H e  a l s o  con- 

tends  t h a t  v i scous  e f f e c t s  on some i n l e t  shapes could cause t h e  e f f ec -  

t ive  cap tu re  area t o  be d i f f e r e n t  from t h e  geometr ic  capture  area. 

4 Van Camp e t  a1 and Krouti15 used mass-flux probes t o  determine 

t h e  exi t - f low p r o f i l e s  of two arc-jet nozz les .  The i n t e g r a t e d  m a s s  

f low rate thus  obta ined  ranged from 80 t o  97 percent  of t h e  m a s s  f low 

ra te  determined wi th  an o r i f i c e  i n  t h e  p ipe  supplying gas  t o  t h e  fac-  

i l i t y .  The e f f e c t i v e  probe cap tu re  area deduced from t h i s  comparison 

i s  unce r t a in  s i n c e  arc-jet nozz le  area w a s  n o t  c l e a r l y  def ined  because 

of boundary-layer e f f e c t s .  

P a t r i c k  and Schneiderman18 used a probe t o  a l t e r n a t e l y  measure 

both m a s s  f l u x  and p i t o t  p re s su re  i n  a low-density a r c  j e t .  The probe 
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had a c i r c u l a r  opening, a sharp-lipped i n l e t  w i th  an e x t e r n a l  beve l ,  and 

a d ivergent  i n t e r n a l  passage. Determination of probe accuracy involved 

cons ide ra t ion  of f r e e  molecule flow theory.  

9 I n  1967, Loth presented  an a n a l y s i s  of mass-flux probe consider-  

a t i o n s  inc luding  flow and h e a t  t r a n s f e r  a t  t h e  i n l e t ,  response t i m e ,  

mass flow meter ing,  and i n t e r n a l  l o s s e s .  H e  a l s o  presented a des ign  

f o r  a combination probe t o  measure mass-flux and t h r u s t  of a supersonic  

stream and, from t h e s e  measurements, t o  y i e l d  stream dens i ty  and v e l o c i t y .  

Krause and G l a w e 1 5  i n v e s t i g a t e d  t h e  accuracy of a mass-flux probe 

us ing  two i n l e t  designs (7.0 mm diam) by exposing them t o  a wel l -def ined 

Mach 2.5 stream. One i n l e t  w a s  sharp-lipped and had both t h e  i n t e r n a l  

and e x t e r n a l  l i p  s u r f a c e s  beveled a t  15  e A second i n l e t ,  which had 

only an e x t e r n a l  15' beve l ,  w a s  i n i t i a l l y  sharp  and then  w a s  progres- 

s i v e l y  b lunted  t o  va r ious  degrees .  This s ingle-beveled i n l e t  had an 

e f f e c t i v e  capture  area up t o  4 percent  g r e a t e r  than  t h e  geometric cap- 

t u r e  area, whi le  t h e  double-Seveled sharp- l ipped i n l e t  gave p e r f e c t  

agreement between e f f e c t i v e  and geometric areas w i t h i n  t h e  accuracy of 

t h e  experiment (1/2 p e r c e n t ) .  I n  a second i n v e s t i g a t i o n ,  Krause and 

G l a w e  s tud ied  a mass-flux probe system wi th  a double-beveled, sharp- 

l i pped  i n l e t  which used an i n l e t  opening s i z e  (2 .3 mm diam) more s u i t -  

a b l e  f o r  cu r ren t  propuls ion  experiments.  The abso lu te  accuracy i n  a 

wel l -def ined,  Mach 3 gas stream is presented  f o r  bo th  a l igned  flow and 

f o r  angles  of a t t a c k  up t o  30 . I n  a l igned  flow t h e  mass f i u x  meas- 

ured by t h e  probe agreed wi th  tunne l  mass f l u x  t o  wi th in  1 percent .  
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6 Anderson and Sheldahl  used a mass-flux probe having a 25 mm diam- 

eter i n l e t  i n  a low-density plasma and r e p o r t  t h a t  r a d i a l  surveys of 

l o c a l  m a s s  f l u x  captured by t h e  probe agreed wi th  an independent meas- 

urement of t he  t o t a l  mass flow through t h e i r  system. 

8 Crites and Czysz i n  1968 repor ted  on several minia ture  m a s s  f l u x  

probes (1.5 and 3 . 9  mm-dim i n l e t s )  used i n  a hypersonic  impulse tunnel .  

The c h a r a c t e r i s t i c s  of t h e  probe i n l e t s  w e r e  determined by comparing 

t h e  stream v e l o c i t y  obta ined  from measurements w i th  t h e  mass-flux probe 

and a total-head tube ,  wi th  t h e  v e l o c i t y  obta ined  from measurements w i th  

a s tagnat ion-poin t  hea t - f lux  gage and a to ta l -head  tube.  Ca l ib ra t ion  of 

6 a probe rake  i n  a stream opera t ing  down t o  a va lue  of 4x10 Re/m y i e lded  

probe mass-flux measurement which agreed wi th  stream mass f l u x  t o  w i t h i n  

5 percent .  

7 I n  1969,Folck and Smith used a probe t o  take mass-flux and p i t o t -  

p re s su re  surveys i n  a 50 MW arc j e t  f a c i l i t y ,  a long  wi th  measurements 

of s tagnat ion-poin t  h e a t  t r a n s f e r  rate.  These measurements allowed cal- 

c u l a t i o n  of enthalpy p r o f i l e s .  

enthalpy p r o f i l e  agreed wi th  bulk  en tha lpy  c a l c u l a t e d  from the  f a c i l i t y  

h e a t  ba lance  t o  wi th in  10  percent .  

The r e s u l t a n t  va lue  of t h e  i n t e g r a t e d  

CONCLUDING REMARKS 

This  review has shown t h a t  t h e  mass-flux probe i s  a u s e f u l  diagnos- 

t i c  t o o l ,  e s p e c i a l l y  i n  h igh  Mach number, h igh  enthalpy flows. It i s  

s imple t o  use and, e s s e n t i a l l y ,  has  no real-gas  e f f e c t s .  When used i n  
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conjunct ion wi th ,  o r  a l t e r n a t e l y  as a total-head tube ,  t he  stream den- 

s i t y  and v e l o c i t y  may be  determined. 

The two major sources  of e r r o r  arise from t h e  unce r t a in ty  i n  t h e  

e f f e c t i v e  capture  area of t h e  i n l e t ,  and t h e  unce r t a in ty  i n  t h e  flow 

rate measurement downstream from t h e  i n l e t .  With ca re ,  t h e  probe i s  

capable  of measuring t h e  stream mass f l u x  p e r  u n i t  area t o  w i t h i n  

1 percent .  
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Figure 1. - Mass-flux-probe system. A, - effective capture area of 
stream tube; Ag -geometric capture area; At,, -geometric throat 
area; S - mass-flow-rate measuring station. 
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Figure 2. -Contract ion ratio for a range of Mach n u m -  
bers. Ratio of specific heats = 1.4. 
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(C) DIVERGENT. 

Figure 5. -Forms of in le t  geometry. 
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Figure 6. -Var ia t ion  in mass-flux-probe indica- 
t ion w i th  flow angle. 
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Figure 7. -Var ia t ion  in total-pressure indication for air. 
Total-pressure range (0.1 - 100) x105 N/m2. Total-temperature 
range 300 - 2800 K. 
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